Herpes simplex virus (HSV) is responsible for mucocutaneous lesions, commonly known as cold sores, and genital lesions or herpes genitalis. After primary infection virus resides latent in sensory and autonomic neurons from where it reactivates periodically (66). Among the important steps in infection, attachment and entry have attracted attention as targets for therapeutic treatments and vaccines. Binding and entry are complex biochemical processes involving 5 of the 12 known surface glycoproteins of the virus (59).
Herpes simplex virus (HSV) is responsible for mucocutaneous lesions, commonly known as cold sores, and genital lesions or herpes genitalis. After primary infection virus resides latent in sensory and autonomic neurons from where it reactivates periodically (66) . Among the important steps in infection, attachment and entry have attracted attention as targets for therapeutic treatments and vaccines. Binding and entry are complex biochemical processes involving 5 of the 12 known surface glycoproteins of the virus (59) .
Current models postulate an initial association of glycoprotein C (gC) and/or gB with cell surface heparan sulfate proteoglycan (HSPG) (56) . Following binding, entry requires the interaction of gD with one of its receptors that include herpesvirus entry mediator (HVEM), nectin-1 and nectin-2, and specific sites in heparan sulfate generated by certain 3-O-sulfotransferases (18, 38, 55) . The envelope-fusion mechanism is not solved yet, but this event requires gB, the heterodimer gH/gL, gD, and a gD entry receptor (7, 39, 48, 63) .
HSV mutants lacking the gC gene exhibit reduced attachment, but the particles are still infectious (22) . For that reason, gC is considered a nonessential glycoprotein for entry. Moreover, cells deficient in proteoglycan synthesis are still permissive to HSV (2) . On the contrary, a gB null virus cannot penetrate target cells (9) . A polylysine (pK) sequence located in the N terminus of gB is responsible for interaction of gB with HSPG. A virus mutant from which the pK coding sequence of gB is deleted is still infectious, although virus binding is reduced (32) . Taken together, these data suggest that binding of HSV to HSPG through gC and/or gB is an important yet not essential event for entry. Since gB is essential for entry, this glycoprotein must carry out a function(s) other than binding to HSPG.
Various criteria were used to show that gD binds receptors, and these same criteria should apply to demonstrate the existence of a gB receptor(s). HSV entry should be blocked by (i) antibodies to gB, (ii) soluble forms of gB, (iii) antibodies to receptor, and (iv) soluble forms of receptor. A number of monoclonal antibodies (MAbs) for gB have neutralizing activity (24, 47, 54) . However, a soluble form of HSV-2 gB failed to block entry of HSV-1 and HSV-2 (27, 67) . In the present study, we found that a soluble truncated form of HSV-1 gB bound saturably to the surface of different cell types, including HSPGdeficient cells Gro2C and Sog9 (2) . The key finding was that soluble gB, like gD, efficiently inhibited HSV-1 entry into Gro2C cells in a dose-dependent manner. The results provide evidence for the existence of an entry receptor specific for gB.
MATERIALS AND METHODS

Cells and viruses.
African green monkey kidney cells, Vero or BSC-1, were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal calf serum (FCS). Human adenocarcinoma cervix cells (HeLa), human epidermoid carcinoma cells (A431), mouse fibroblast L-cells, and derived mutant Gro2C and Sog9 cells (2) were grown in DMEM with 10% FCS. B78-H1 mouse melanoma cells and derived C10 cells engineered to express the gD receptor nectin-1 (37) were grown in DMEM supplemented with 5% FCS and 500 g/ml of G418. Stocks of HSV-1 KOS and HSV-1 KOS/tk12 that carries the lacZ gene under control of the ICP4 promoter (65) were purified on sucrose gradients as described previously (19) , and titers were determined with Vero cells. HSV-1 KOS/tk12 and C10 cells were kindly provided by P. G. Spear. L-cells and Gro2C and Sog9 cells were a generous gift from F. Tufaro.
Antibodies and reagents. Rabbit sera R47 and R69 were raised against HSV-1 gC and gB, respectively (16, 25) . Rabbit serum R7 was raised against HSV-2 gD but cross-reacted with HSV-1 gD (25) . MAbs DL16 and DL21 were selected among a panel of antibodies generated against cell extracts infected by HSV type 1 (HSV-1) and HSV-2. DL21 reacted with a conformational epitope on gB, and DL16 recognized a multimer-specific epitope on gB (D. Long, G. H. Cohen, and R. J. Eisenberg, unpublished results). MAb CK6 recognizes human nectin-1 (30) . Hybridoma cell lines expressing MAbs to gB, numbered SS-10 to SS-118, were generated by fusing SP2/0 cells with spleen cells of mice immunized with fulllength gB purified from HSV-1-and HSV-2-infected BHK cells. Hybridoma cells were injected into mice to raise ascites. Immunoglobulin G (IgG) was purified from sera and ascites fluid with HiTrap protein G 1-ml columns (Amersham Pharmacia Biotech) and dialyzed against phosphate-buffered saline (PBS). Antimouse and anti-rabbit secondary antibodies coupled to horseradish peroxidase (HRP) were purchased from Kirkegaard and Perry Laboratories.
Production and purification of HSV-1 glycoproteins. gC(457t) or gD(306t) and gD(285t) contain the ectodomain of gC-1 truncated at residue 457 or gD-1 truncated at residue 306 and 285, respectively (50, 51) . gB(730t) comprises the first 700 amino acids of the mature gB ectodomain expressed from a baculovirus expression system (4). The amino acids are numbered starting at the first methionine of gB. The truncated protein was purified from baculovirus-infected insect cells (sf9) using a DL16 immunosorbent column. Bound gB was eluted with 3 M KSCN, then dialyzed and concentrated essentially the same way as described for gD(306t) (58) .
Binding of soluble glycoproteins to the cell surface by CELISA. We used a modification of a published cellular enzyme-linked immunosorbent assay (CELISA) (15) . Cells were seeded in 96-well plates and grown overnight to reach 4 ϫ 10 4 cells per well. They were then incubated for 1 h at 4°C with serial dilutions of soluble glycoproteins diluted in DMEM containing 5% FCS and 30 mM HEPES (DFH). After three washes with ice-cold DFH, cells were fixed with 3% paraformaldehyde. Cells were then rinsed three times with PBS and incubated 1 h with 20 g/ml of R7, R47, or R69 IgGs that had been diluted in PBS containing 5% nonfat dry milk. After three washes with cold PBS, cells were further incubated for 1 h with HRP-conjugated anti-rabbit antibodies. Following another three PBS washes, cells were rinsed with 20 mM citrate buffer, pH 4.5. 2,2Ј-Azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) peroxidase substrate (Moss, Inc.) was added, the absorbance at 405 nm was measured at multiple time points with a micro titer plate reader, and the mean slopes were recorded.
Binding of soluble glycoproteins to the cell surface by Western blotting. Cells were seeded overnight in 12-well plates. They were then incubated for 1 h at 4°C with gB(730t), gC(457t), or gD(285t) in DFH. After three washes with cold PBS, cells were extracted in MNE (25 mM MES [2-{N-morpholino}ethanesulfonic acid], pH 6.5, 150 mM NaCl, and 2 mM EDTA) containing 1% Brij 96 (Aldrich) and a cocktail of protease inhibitors (Roche). The nuclei were pelleted by centrifugation at 500 ϫ g for 5 min, the supernatant was mixed with an equal volume of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (Pierce) and proteins were resolved by SDS-PAGE (Novex) under denaturing conditions. Proteins were transferred to nitrocellulose membrane, reacted with specific antibodies, and then incubated with secondary antibodies coupled to HRP. Bound antibodies were revealed by enhanced chemiluminescence (ECL) (Amersham) and exposure to X-ray film.
Heparin inhibition studies. Cells seeded in 96-well plates were incubated for 1 h at 4°C with solutions of 10 nM gB(730t) or 6 nM gC(457t) prepared in DFH. They were then incubated for 1 h at 4°C with serial dilutions of heparin (Sigma) prepared in DFH. After three washes in DFH, cells were fixed, and bound glycoproteins determined by CELISA. In other experiments, 10 nM gB(730t) or 6 nM gC(457t) was first incubated for 1 h at 4°C with serial dilutions of heparin made in DFH. Mixtures were then transferred onto cells and incubated for 1 h at 4°C. After three washes with DFH, cells were fixed with 3% paraformaldehyde, and bound glycoproteins were detected by CELISA.
Characterization of monoclonal antibodies to gB. (i) Western blot analysis. MAbs to gB were screened by Western blotting against gB(730t) under native or denaturing conditions as previously described for gD (13) . To denature gB(730t), the protein was boiled for 5 min in SDS-PAGE sample buffer containing 1% SDS and 100 mM dithiothreitol (Pierce). For native conditions, gB(730t) was mixed with sample buffer containing 0.1% SDS, but no reducing agent was added and the sample was not boiled. Proteins were resolved by SDS-PAGE. After transfer to nitrocellulose, individual strips were blocked and then incubated with 1 g/ml of IgG. Bound MAbs were revealed with secondary antibodies coupled to HRP and ECL as described before.
(ii) ELISA. In this assay, 50 l of 200 nM gB(730t) was added to wells of 96-well plates and incubated overnight at 4°C. After being blocked with PBS containing 5% nonfat milk, antibodies (diluted in PBS containing 5% nonfat milk) were added. Bound MAbs were incubated with secondary antibodies coupled to HRP, rinsed with citrate buffer, and revealed by the addition of substrate ABTS as for CELISA.
(iii) Virus neutralization. HSV-1 KOS/tk12 at a concentration of 4 ϫ 10 6 PFU/ml was incubated with serial dilutions of MAbs to gB for 1 h at 4°C. The virus-MAb mixtures were then transferred onto a monolayer of C10 cells, L-cells, or Gro2C cells at a multiplicity of infection (MOI) of 10. The plates were incubated for another hour at 4°C to allow for virus attachment. The temperature was then shifted to 37°C to allow fusion to proceed, and ␤-galactosidase activity was determined 5 h postinfection (p.i.) as a measure of entry.
Blocking of gB binding to cells using MAbs to gB. gB(730t) (1 M) was incubated for 1 h at 4°C with various concentrations of MAb to gB. The proteinantibody mixture was added to a monolayer of C10 cells and incubated for 1 h at 4°C. After three washes with cold PBS, cells were extracted in MNE containing 1% Brij 96 and protease inhibitors. Association of gB with cells was detected by analyzing cell extracts by Western blots as described above. The protein-antibody mixture was also added to a monolayer of L-cells or Gro2C cells and incubated for 1 h at 4°C. After three washes with DFH, cells were fixed and the amount of gB(730t) remaining bound to cells was measured by CELISA as described above.
Glycoprotein binding and virus entry assay. Cells in 96-well plates were incubated (or not) for 1 h at room temperature with serial dilutions of gB(730t), gD(306t), or gC(457t) in DFH. Medium containing glycoproteins was removed, and cells were either washed three times with DFH or not washed, then infected with HSV-1 KOS/tk12 at an MOI of 10, and incubated at 4°C for 1 h to allow virus attachment. The temperature was then shifted to 37°C to allow synchronous infection. Cells were lysed 5 h later by the addition of an equal volume of DMEM containing 1% NP-40. ␤-Galactosidase activity was determined by the addition of substrate (chlorophenol red-␤-D-galactopyranoside; Roche) and measurement of absorbance at 570 nm in a microtiter plate reader.
RESULTS
Expression and purification of a soluble form of HSV-1 gB.
A soluble form of HSV-1 gB truncated at residue 730 [gB(730t)] was generated using the baculovirus system (Fig.  1A) . Since the biologically active form of gB is proposed to be a multimer (8, 12, 23) , gB(730t) was affinity purified on a immunosorbent column with MAb DL16, which only recognizes a multimeric form of virion gB. The protein was analyzed by SDS-PAGE under denaturing and nondenaturing conditions (Fig. 1B) . Under denaturing conditions, the protein migrated as a major single band of 95 kDa. Under native conditions of electrophoresis, the major band was Ͼ200 kDa, indicative of a multimer of gB(730t). This suggested that all of the purified protein was oligomeric. Both multimeric and monomeric forms of gB(730t) reacted by Western blotting with MAb SS10. In contrast, MAb DL16 reacted selectively with multimeric gB(730t) under native conditions of electrophoresis. A second minor band of 60 kDa seen on the silver-stained gel was not bound by either MAb on Western blotting. These data indicate that baculovirus-expressed gB(730t) is similar in conformation to full-length virion gB. This protein was used in subsequent experiments.
The gB ectodomain binds saturably to the cell surface. Although several studies implicate gB in attachment, direct experiments have not been described that characterize the interaction of HSV-1 gB with cell surface molecules (21, 32) . To obtain this information, a panel of different cell types was incubated with gB(730t) or with gD(306t) (27, 43) , and attachment to cells was evaluated by CELISA (Fig. 2) . gB(730t) bound saturably to the surface of B78 cells expressing nectin-1, with 50% of saturation occurring with 35 nM glycoprotein ( Fig.  2A) . As expected (61), gD(306t) also bound saturably to the surface of these cells ( Fig. 2A) . gB(730t) bound saturably to the surface of Vero cells, L-cells, A431 cells, HeLa cells, BSC-1 cells, and B78 cells (Fig. 2B and data not shown) , and the dose-response curve was similar to that for C10 cells. These results suggest that gB, like gD, may bind to a specific receptor. In a second experiment, C10 cells or the parental nonpermissive B78 cells were incubated with various concentrations of gB(730t), then washed, and lysed. gB(730t) association with cells was evaluated in cell extracts by SDS-PAGE and Western blotting (Fig. 2C) . Importantly, the same amount of gB(730t) bound, regardless of whether nectin-1 was present. This last observation suggests that nectin-1 is not important for gB binding to the cell surface and is consistent with our previous results showing that gB does not interact directly with nectin-1 in vitro (31) . By contrast, soluble gD bound to C10 cells but did not bind to the parental B78 cells.
Heparin removes all gC from the surface but does not remove all bound gB. We asked whether heparin, a soluble analog of HSPG, could remove bound gB from the cell surface. Vero (Fig. 3A) or C10 (not shown) cells were first incubated for 1 h at 4°C with 10 nM gB(730t), a concentration that saturates slightly Ͻ50% of the cell surface ( Fig. 2A, inset) . Soluble gC(457t) was used as a control because it binds specifically to cell surface HSPG (61) . Cells were then incubated with various concentrations of heparin. The amount of gB(730t) or gC(457t) remaining bound to cells was detected with polyclonal antibodies (Fig. 3A) . As expected, heparin at a concentration of 1.5 g/ml removed Ͼ70% of all bound gC(457t) from the cells. In fact, gC(457t) was completely removed from the surface with higher concentrations of heparin. In contrast, heparin had a more modest effect on gB(730t) binding, in that a concentration of 1 mg/ml was required to remove 50% of bound protein. These results suggest that a large proportion of gB(730t) remains attached to the cells through a non-HSPG cell surface molecule.
Heparin blocks attachment of gC to the surface of cells but only partially blocks attachment of gB. To further examine the interaction of gB and gC with HSPG, we first incubated each soluble glycoprotein with heparin and then added the proteinheparin mixture to Vero cells (Fig. 3B ) or C10 cells (not shown). Binding of gC(457t) was blocked in a dose-dependent manner, as previously reported (61) , and complete inhibition required 8 g of heparin/ml (Fig. 3B) . Heparin also inhibited gB(730t) binding to cells in a dose-dependent manner, reaching a maximum of 80% inhibition at 40 g/ml heparin (Fig.  3B ). Higher concentrations of heparin (up to 1 mg/ml) did not increase the extent of inhibition. This confirmed the above data (Fig. 3A) that a fraction of gB binds to cells in an HSPGindependent manner.
The gB ectodomain can attach to cells that are deficient in proteoglycan synthesis. To address this possibility, we analyzed binding of gB(730t) to L-cells or to the L-cell-derived mutant cell lines Gro2C and Sog9, both deficient in proteoglycan synthesis (Fig. 4) . Gro2C cells are deficient in HSPG expression and Sog9 cells are deficient in both HSPG and chondroitin sulfate proteoglycan (CSPG). gB(730t) was incubated with Lcells or mutant lines and attachment was measured by CELISA. As shown for Vero, A431, and C10 cells (Fig. 2) , gB(730t) bound to the surface of parental L-cells (Fig. 2B and  4A) . Interestingly, gB also bound to Gro2C and Sog9 cells (Fig.  4A) . However, less gB bound to these cells than to L-cells. Association of gB with these cell types was also detected in cell extracts by SDS-PAGE and Western blotting (Fig. 4B) . Although the amount detected was reduced compared to parental L-cells, similar amounts of gB were found in Gro2C and Sog9 cells. Binding of gD was similar in all three lines (reference 61 and data not shown). On the other hand, binding of gC(457t) was considerably reduced on Gro2C cells and almost null on Sog9 cells (reference 61 and data not shown). These results suggest that HSPG contribute to but are not essential for gB attachment to the surface. Since HSPG and CSPG are the only type of proteoglycans present on L-cells (2), the data provide evidence for the existence of another type of gB binding molecule.
Monoclonal antibodies block binding of soluble gB to cells. To show that gB binding to the cells was relevant, we used a panel of gB-specific MAbs (Fig. 5) . gB(730t) was incubated with various concentrations of MAbs, and the mixture was added to C10 cells. Cells were washed to remove unbound glycoproteins. Cell extracts were prepared, and the level of gB binding was examined by SDS-PAGE and Western blotting. MAbs SS10, SS55, and SS118 blocked the association of gB(730t) with the cells, whereas MAbs SS19, SS48, DL16, and DL21 had no effect (Fig. 5A and Table 1 ). These results suggested that the association of gB with the cell surface is specific and involves particular regions or epitopes.
One possibility was that antibodies to gB reduced attachment of virus by preventing gB interaction with HSPG. To rule out this hypothesis, we used CELISA to test whether these antibodies blocked gB association with the surface of L-cells (not shown) or Gro2C cells (Fig. 5B and Table 1 ). Antibodies SS10 and SS55 blocked binding of gB(730t) to both cell types. This last result suggests that these antibodies primarily block interaction of gB with a non-HSPG receptor.
Monoclonal antibodies that block binding of soluble gB to cells inhibit entry. To assess the virus neutralizing activity of MAbs used in the blocking studies, HSV-1 KOS/tk12 was incubated with each of the MAbs and tested for virus entry (Fig.  6 and Table 1 ). Antibodies SS10, SS55, and SS118 blocked virus entry into C10 cells whereas SS19, SS48, and DL21 did not ( Fig. 6A and Table 1 ). Similar results were obtained using a plaque reduction assay with Vero cells (Table 1) . Thus, the ability of SS10, SS55, and SS118 to block gB binding to C10 cells and Vero cells correlates with neutralization of virus entry. Moreover, antibodies SS10 and SS55 neutralized entry into both L-cells and Gro2C cells ( Fig. 6B and C; Table 1 ), ruling out the possibility that neutralizing antibodies blocked virus attachment to HSPG. Together; these observations indicate that interaction of gB with a non-HSPG structure on the cell surface is specific and is relevant in the context of virus entry.
Soluble gB inhibits virus entry into cells deficient in HSPG synthesis.
We next wanted to study the importance of gB for (for infected-cell polypeptide 4) promoter (Fig. 7A) . Levels of ␤-galactosidase activity in cell extracts were determined at 6 h p.i. and used as a measure of virus entry. In agreement with our and other's reports, gD(306t) efficiently blocked virus entry into these cells in a dose-dependent fashion, with 50% inhibition requiring only 20 nM protein (27, 41) . In contrast, gB(730t) did not block virus entry except at concentrations of Ն2 M for 50% inhibition. One possible explanation for the poor ability of gB to inhibit HSV entry into Vero cells was the presence of high levels of HSPG on the surface. To address this issue, L-cells and Gro2C cells were incubated with gB(730t) or gD(306t) and then infected with HSV-1 KOS/tk12. HSV can infect and replicate in Gro2C and Sog9 cells, although it is impaired in these cells compared to parental L-cells (2) . Inhibition of replication occurred at the level of entry (data not shown). As with Vero cells, gD(306t) efficiently blocked virus entry into both L-cells and Gro2C cells in a dose-dependent fashion (Fig. 7B and C) . However, in these cells 50% inhibition by gD(306t) required 200 nM protein, 10-fold more than for Vero cells. This result might simply reflect differences in expression levels of gD receptors in Vero and L-cells. Alternatively, gD might bind less efficiently to mouse nectin-1 and/or HVEM than to the primate homologs. Interestingly, in these cells, 1 M gB(730t) inhibited entry by 50%, half the amount required for 50% blocking of entry into Vero cells. Of most importance was the observation that gB efficiently blocked entry into Gro2C cells and did so in a dose-dependent fashion, with 50% inhibition occurring with 250 nM protein. This level of inhibition was about four times more efficient than it was in the parental L-cells and eight times more efficient than for Vero cells. Moreover, gD(306t) and gB(730t) exhibited comparable blocking activity into Gro2C cells. On the other hand, gC(457t) was unable to block entry in any of these cells (reference 61 and data not shown). In some experiments, cells were incubated with gB(730t) and then washed to remove unbound glycoproteins before infection. gB(730t) efficiently blocked virus entry whether cells were washed or not (Fig. 7D) . These experiments indicate that gB bound to the cell surface was responsible for the blocking of HSV entry. Together, these observations strongly suggest the existence of a gB receptor different than HSPG.
DISCUSSION
The major finding of this study is that soluble gB blocks virus entry into cells lacking HSPG. We hypothesize that gB binds a cell receptor as an essential step in the entry process. To our knowledge, this is the first evidence that a soluble form of gB can compete with a gB-specific receptor for HSV entry. Earlier studies demonstrated that a soluble form of HSV-2 gB did not inhibit entry of HSV-1 into human osteosarcoma cells, nor did it inhibit HSV-2 entry into Vero cells (27, 67) . Although it is possible that gB2 functions differently than gB1, it is more likely that much of the gB2 was tied up with HSPG. Indeed in our studies with Vero cells, we only saw blocking at very high concentrations of gB(730t).
Also, the strategy used to purify soluble gB was different than the one used by others (44, 60) . Most of the gB(730t) used in this study was multimeric and reacted with antibodies to conformational epitopes. Since the biological active form of gB is a multimer (8, 12, 23) , gB(730t) represents a functionally active competitor.
Virion gB was initially reported to be a dimer (12, 52) . Recent studies, however, suggest that gB(730t) actually forms an elongated trimeric molecule (K. Eldwein, personal communication). These findings are important, since fusion proteins from several enveloped viruses, including HIV gP41 and influenza hemagglutinin, are trimeric (10, 68) .
gB interacts with a non-HSPG receptor on the cell surface. Previous studies showed that gB binds with heparin and probably functions in attachment of HSV to HSPG on cell surfaces (22, 67) . Here, we found that a soluble form of gB interacted with the surface of different cell types, including L-cells defi- , or SS10 at a final concentration of 300, 30, or 3 g/ml (reading from left to right) or with no antibody (no Ab). The mixture was then added to C10 cells seeded into 12-well plates and incubated for 1 h. After being washed, total cell proteins were extracted, resolved by SDS-PAGE, transferred to membranes, and probed against gB with R69. (B) gB(730t) at a final concentration of 0.5 M was incubated in the presence of MAb SS10 at a final concentration of 500, 50, or 5 g/ml (reading from left to right) or DL16 at a final concentration of 500 g/ml. The mixture was then added to Gro2C cells seeded into 12-well plates and incubated for 1 h. Cells were then washed and fixed, and the level of glycoprotein associated with the cell surface was measured by CELISA using R69. 
a Serial dilutions of each antibody were reacted against gB(730t), and binding was determined by ELISA. Antibodies were grouped into good (ϩϩ), moderate (ϩ), or none (Ϫ) binder categories, as a function of their avidity for gB.
b Antibodies at 1 g/ml were reacted against Western blots of gB(730t) electrophoresed under native or denaturing conditions. Binding was strong (ϩϩϩ), moderate (ϩ), or not detected according to the exposure time required to develop ECL reactions.
c Measured as a 50% reduction in plaques on Vero cells. d Antibodies were considered positive for neutralization in C10 and Gro2C cells if Ͻ25 g/ml inhibited entry by 50%, measuring ␤-galactosidase activity 5 hours p.i. (32) . We are currently investigating the nature of such molecules. All cells analyzed expressed the gD receptors nectin-1 and HVEM (29) . We were unable to characterize gD receptors expressed in L-cells, since reagents specific for mouse nectin-1 and mouse HVEM are not yet available. Parental B78 cells are negative for both receptors (37) . However, gB bound to B78 cells. We concluded that neither HVEM nor nectin-1 is important for gB binding.
Specificity of the interaction. Certain monoclonal antibodies blocked the interaction of gB with C10 cells, L-cells, and Gro2C cells. Interestingly, those antibodies that blocked gB attachment also neutralized virus entry into these cells. These observations confirmed the specificity of gB binding to cells deficient in HSPG synthesis. They also provided evidence that particular domains of gB participate in the interaction. We are currently characterizing the domains recognized by the different monoclonal antibodies as a way of establishing functional domains that are important for attachment and entry.
Importance of HSPG on the cell surface for gB attachment. Once gB was bound to the surface of Vero cells, it could not be detached with heparin. On the contrary, gC was detached with heparin. In addition, heparin competed for binding of both gB and gC with the cell, but unlike gC, 20% of gB was able to bind even at high concentrations of heparin. It is unlikely that the residual binding can be attributed to differences in affinity of the two glycoproteins for HSPG. According to published studies, gC-1 and gB-2 have similar affinity for heparin, but gB-2 forms a more stable complex with heparin than does gC-1 (50, 67) . Moreover, purified soluble gB from bovine herpesvirus type 1 binds to live cells with a K D of 5 ϫ 10 Ϫ7 M, a value similar to that reported for the HSV-2 gB/heparin complex (34) . This suggests that the affinity of gB for heparin is conserved in related alphaherpesviruses, which is not surprising, since gB is the most conserved glycoprotein in the family (46); we propose that the affinity of gB1 for heparin is similar to that reported for gB2 (20, 62) . Another possibility is that the initial binding of gB to HSPG may enhance attachment of gB to a second type of receptor. Support for this idea is provided by the observation that gB from BHV-1 initially binds to HSPG and then binds with higher affinity to an unidentified non-HSPG receptor (34) . This interaction involves the N-terminal subunit of BHV-1 gB, while the entire molecule is required for non-HSPG binding and for inhibition of plaque formation (33, 34) . Similarly, varicella zoster virus gB interacts with HSPG, a process that takes part in the initial attachment of the virus to the cell. However, like HSV gB, varicella zoster virus gB can still attach to HSPG deficient cells (26) . Also, cell surface HSPGs are not essential for infection by pseudorabies virus (28) . It may be that the gB protein of all alphaherpesviruses shares the dual capacity to bind to HSPG and to another type of receptor. Moreover, the interaction of virion gC and gB with HSPG may also favor binding of gD to one of its entry receptors.
gB receptor for other herpesviruses. Evidence for a gB receptor comes from other members of the herpesvirus family. In FIG. 6 . Monoclonal antibodies to gB neutralize entry into L-cells and Gro2C. (A) HSV-1 KOS/tk12 was incubated for 1 h with increasing concentrations of MAb to gB (SS10, SS48, and SS55) or anti-myc antibody (control). The virus-antibody mixture was then used to infect C10 cells seeded in 96-well plates at an MOI of 10 PFU/cell. ␤-Galactosidase activity was assayed at 6 h p.i. as a measure of entry. (B and C) HSV-1 KOS/tk12 was incubated for 1 h with increasing concentrations of MAbs to gB (SS10 and SS55) or anti-myc antibody (control). Virus at a multiplicity of infection of 10 PFU/cell was then used to infect L-cells (B) and Gro2C cells (C) seeded in 96-well plates. ␤-Galactosidase activity was assayed at 6 h postinfection. a recent study, it was shown that cytomegalovirus (CMV) gB binds to and activates the epidermal growth factor receptor (64) . Integrin ␣3␤1 is a cellular receptor for Kaposi's sarcomaassociated herpesvirus (1). Human herpes virus 7 utilizes CD4 as a receptor for infection, although gB does not bind to CD4 (36, 53) . Cellular integrins also function as entry receptors for CMV and this interaction involves a highly conserved domain in all beta-but not alphaherpesviruses (17) . The interaction of CMV gB with receptor induces cellular transcription, leading to a coordinated antiviral response (5, 6, 57) . HSV also triggers early signaling events associated with entry such as tyrosine phosphorylation and calcium influx (11, 49) . CMV and HSV gB are both essential for fusion, share 50% amino acid identity, bind to HSPG, and display a similar arrangement of disulfide bonds (14, 35, 46) . Although the receptors might be different, gB from both viruses may share a similar role in triggering fusion and inducing receptor-mediated signaling in infected cells. We are currently working on this model.
Final considerations. Future studies will focus on identifying the non-HSPG gB receptor and defining its role in entry. Recently, we showed that gB but not gC, gD, or gH interacts with lipid rafts during entry (4) . One interesting possibility is that the non-HSPG receptor for gB resides in these microdomains. Since rafts are essential for entry, association of the gB receptor with these structures may be important. In addition, rafts may be enriched for a gB receptor and therefore represent a good starting place to look for such a receptor. Recently, it was observed that virus entry into some cell types occurs by endocytosis rather than by direct fusion (40, 42) . Perhaps the putative gB receptor is required for endocytosis involving lipid rafts (4). We are currently investigating whether HSV enters L-cells via endocytosis and whether rafts are mobilized during entry into these cells. Characterization of a gB receptor thus represents a crucial step in our understanding of HSV direct fusion with the cells, pH-dependent endocytosis, or cell-induced signaling.
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